Nutrient enrichment is a frequently cited cause for biotic impairment of streams and rivers in the USA. Eff orts are underway to develop nutrient standards in many states, but defensible nutrient standards require an empirical relationship between nitrogen (N) or phosphorus (P) concentrations and some criterion that relates nutrient levels to the attainment of designated uses. Algal biomass, measured as chlorophyll-a (chl-a), is a commonly proposed criterion, yet nutrient-chl-a relationships have not been well documented in Illinois at a state-wide scale. We used state-wide surveys of >100 stream and river sites to assess the applicability of chl-a as a criterion for establishing nutrient standards for Illinois. Among all sites, the median total P and total N concentrations were 0.185 and 5.6 mg L −1 , respectively, during high-discharge conditions. During low-discharge conditions, median total P concentration was 0.168 mg L −1 , with 25% of sites having a total P of ≥0.326 mg L −1 . Across the state, 90% of the sites had sestonic chl-a values of ≤35 μg L −1 , and watershed area was the best predictor of sestonic chl-a. During low discharge there was a signifi cant correlation between sestonic chl-a and total P for those sites that had canopy cover ≤25% and total P of ≤0.2 mg L −1 . Results suggest sestonic chl-a may be an appropriate criterion for the larger rivers in Illinois but is inappropriate for small rivers and streams. Coarse substrate to support benthic chl-a occurred in <50% of the sites we examined; a study using artifi cial substrates did not reveal a relationship between chl-a accrual and N or P concentrations. For many streams and rivers in Illinois, nutrients may not be the limiting factor for algal biomass due to the generally high nutrient concentrations and the eff ects of other factors, such as substrate conditions and turbidity.
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Todd V. Royer* Indiana University Mark B. David, Lowell E. Gentry, Corey A. Mitchell, and Karen M. Starks University of Illinois at Urbana-Champaign Thomas Heatherly II and Matt R. Whiles Southern Illinois University T he Federal Clean Water Act requires states to identify impaired water bodies and develop plans to reduce impairment. Nutrient enrichment, mainly with nitrogen (N) and phosphorus (P), is a frequently cited cause of impairment for streams and rivers (USEPA, 2000a) . Nutrient loading can degrade the ecological integrity of streams and create human health concerns. For example, the U.S. Environmental Protection Agency (USEPA) has set a drinking water standard of 10 mg NO 3 -N L −1 to prevent methemoglobenemia. No drinking water standard exists for P; however, P enrichment can aff ect drinking water supplies by stimulating blooms of toxin-producing organisms, such as cyanobacteria. Nutrient enrichment in streams stimulates algal growth with resulting impacts on habitat quality, trophic relations, community structure, dissolved O 2 concentrations, pH, and aesthetic qualities (e.g., Miltner and Rankin, 1998) .
Th e goal in developing nutrient standards for streams and rivers is to prevent a particular ecological condition (e.g., excessive algal biomass) by controlling the presumably limiting factor for algal growth. Th e rationale behind nutrient standards is that ecological impairment in nutrient-enriched streams is due, at least in part, to excess algal biomass and the eff ect of the excess biomass on dissolved O 2 defi cits via respiration and decomposition. However, the cause-and-eff ect relationship among nutrients, algal biomass, and O 2 defi cits is complicated by other environmental factors that can maintain low algal biomass despite abundant nutrients (Dodds and Welch, 2000) . For example, scouring, shading, grazing, and temperature can aff ect algal biomass independently of nutrient enrichment. Further complicating the development of nutrient standards is the fact that algae in streams and rivers occur in multiple forms, such as sestonic cells, epilithic biofi lms, and fi lamentous mats. Th ese various forms may diff er in their response to nutrient enrichment and the degree to which they are aff ected by other environmental factors.
Chlorophyll-a (chl-a) is a commonly used proxy for algal biomass and has been proposed as a criterion for identifying streams that fail to attain their designated use(s) due to nutrient loading (e.g., USEPA, 2000b) . Because of the large number of streams and rivers that will likely require management intervention to reduce nutrient loading, it is critical that the selected criterion be strongly associated with numerical water quality standards and attainment of designated uses (Reckhow et al., 2005) . In Illinois, the strength of the relationship between nutrients and chl-a has not been assessed at a statewide scale, and the appropriateness of sestonic or benthic chl-a as a state-wide criterion for establishing nutrient standards is unknown. Previous work in Illinois suggested that in wadeable agricultural streams sestonic chl-a was a poor indicator of eutrophic conditions (Figueroa-Nieves et al., 2006; Morgan et al., 2006) , but its applicability in larger rivers has not been examined.
Across large geographic regions, such as states or level III ecoregions (e.g., Woods et al., 2006) , it is often diffi cult to statistically relate nutrient concentrations to algal biomass (as chl-a) due to spatial and temporal variations in hydrology, light, temperature, and land use factors that infl uence algal abundance (Dodds et al., 2002) . Nevertheless, the development of nutrient standards for streams will likely occur independently within each state, potentially with the goal of producing single, state-wide standards for N and P. To assist the state of Illinois with development of nutrient standards, we examined nutrient-chlorophyll relationships throughout the streams and rivers of the state. Because the state anticipates single, state-wide standards, our approach was at the state-wide scale. Our goals included examination of state-wide relationships between nutrients and chl-a as well as more mechanistically focused studies aimed at identifying environmental factors other than nutrients that may aff ect algal biomass in the streams and rivers of Illinois.
Materials and Methods

State-wide Surveys
Quantifying the ecological response to nutrient enrichment across Illinois presents a challenge due to the diversity of stream types and land uses within Illinois. Illinois covers slightly more than 150,000 km 2 and has a latitudinal gradient of 627 km, from 36°58′ N at the south to 42°30′ N at the northern boundary. Much of Illinois is rural and dominated by intensive row-crop agriculture with large inputs of N and P fertilizer (David and Gentry, 2000) . Th e southern region of Illinois has more extensive tracks of hardwood forests and includes the Shawnee National Forest. Streams in the northeastern portion of the state are infl uenced strongly by urbanization, with the Illinois River system receiving the wastewater effl uent from the approximately 8 million people living in the greater Chicago region. Statewide, land cover is 76% agricultural, 12% forest, 6% urban, 4% wetland, and 2% other uses (Illinois Department of Agriculture, 2001).
We conducted two state-wide surveys in 2004 designed to document conditions during distinct seasonal and hydrological conditions. A smaller state-wide survey was conducted in 2005 in conjunction with the artifi cial substrate study described below. Sites selected for the survey ranged in size from small, wadeable streams to the large rivers of the state but did not include the Mississippi, Ohio, or Wabash Rivers because these rivers were not wadeable even at low discharge and could not be safely sampled from bridges. Most sites corresponded to locations used by Illinois EPA in their ambient water quality monitoring network. Th e goal in site selection was to identify a representative group of sites that would allow for generalization to the streams and rivers of the state as a whole. A complete listing of all sites is presented in Appendix A.
Th e fi rst survey examined 138 sites distributed across the state ( Fig. 1 ) and was conducted from May to early July when most of the streams were at higher than basefl ow discharge (Q) but not fl ooded. An analysis of 103 of the sites that were gauged by the US Geological Survey indicated that, at the time of sampling, average discharge across the sites was 81% of the long-term mean discharge for the month of May. For the second survey we revisited 109 of the sites during September when the streams were at basefl ow. In this paper we refer to the fi rst survey as the high-Q survey and the second survey as the low-Q survey. During all surveys, we sampled sestonic chl-a and benthic chl-a (if present), estimated canopy cover, and collected water samples for the determination of total P, dissolved reactive P (DRP), organic P, total N, NO 3 -N, NH 4 -N, organic N, and dissolved silica. We used portable probes and meters to make on-site measurements of water temperature, pH, specifi c conductivity, and turbidity. Turbidity was measured at three locations across the width of each stream and averaged. Samples for dissolved constituents were fi ltered through a 0.45-μm membrane. Sample processing and preservation followed standard procedures (APHA, 1998) . At each site we established three cross-sectional transects separated by approximately 50 m. At each transect that had gravel or cobble substrate, we collected a representative rock for determination of benthic chl-a density. We did not attempt to sample benthic chl-a from soft sediments or sand. At the most up-stream transect, we collected three 500-mL samples from the left, right, and center of the channel for determination of sestonic chl-a concentration. Samples for chl-a were stored in the dark on ice until they were processed at the end of each day. For each sestonic chl-a sample, a known volume of water was fi ltered through a Whatman GF/F fi lter (0.7 μm), and the fi lters were immediately placed in individual plastic Petri dishes, wrapped in aluminum foil, and placed on ice. Rocks were individually wrapped and placed on ice for transport to the laboratory where they were processed within 30 d of collection (see below).
Nutrient and Chlorophyll Analyses
Nitrate concentrations were measured using ion chromatography (DX-120; Dionex, Sunnyvale, CA) with a detection limit of 0.1 mg L −1 of NO 3 -N. Ammonium, DRP, and silica concentrations were analyzed colorimetrically by fl ow injection analysis with a QuikChem 8000 (Lachat, Loveland, CO) using the automated sodium salicylate, the automated ascorbic acid, and the automated heteropoly blue methods, respectively. Method detection limits were 0.01 mg NH 4 -N L . Water samples for total P were digested with sulfuric acid (11.2 N) and ammonium persulfate (0.4 g per 50 mL of sample), which converted all forms of P into DRP, and then analyzed as described previously. Samples for total N were digested with sulfuric acid, copper sulfate, and potassium sulfate in an aluminum block digester (BD-46; Lachat) that converted organic N compounds to ammonia, which was then analyzed as described previously. Organic N and P were determined as the diff erence between the total and the dissolved inorganic forms of each nutrient.
In general, we followed the procedures for chl-a analysis as described in detail by Morgan et al. (2006) , with some modifi cations. Samples for sestonic chl-a were extracted in the dark with 90% acetone for 24 h at 4°C. For benthic chl-a, rocks were thoroughly scraped of material using a wire brush, and the dislodged material was collected onto a Whatman GF/F fi lter. Chl-a was extracted in the dark at 4°C for 24 h with 90% ethanol. For sestonic and benthic samples, 30 s of sonication was used to promote extraction.
Chlorophyll-a was determined using a UV-Vis spectrophotometer (Aquamate; Th ermoElectron, Waltham, MA). To correct for pheophytin, absorbance was determined before and after acidifi cation as described in Morgan et al. (2006) . Th e areal surface on the rocks from which the benthic chl-a was collected was determined using the aluminum foil method (Steinman and Lamberti, 1996) .
Embarras River and Kaskaskia River Surveys
Th e 2004 surveys revealed unexpectedly high concentrations of sestonic chl-a in some of the larger rivers of the state. We examined this phenomenon further in 2005 by conducting synoptic surveys on the Embarras and Kaskaskia rivers. Th e surveys included sampling sestonic chl-a at multiple sites on the mainstem rivers and in several tributaries of each river. An 82-km study reach was used on the Embarras River, and a 36-km reach was used on the Kaskaskia. Th e goal was to determine if the high mainstem concentrations were the result of tributary loading or in-channel production. All methods were as described previously.
Artifi cial Substrate Study
Substrate condition is a critical factor for the development of periphyton in streams and can vary substantially among sites. We attempted to reduce the eff ects of this confounding variable by placing unglazed ceramic tiles at 35 sites across the state and measuring benthic chl-a accrual. Th e goal was to examine nutrient-chl-a relationships when provided a common and suitable benthic substrate. At nine sites, the water was too deep to place tiles, but sestonic chl-a and nutrient samples were collected. At the remaining 26 sites, a 20 cm × 20 cm tile was placed near the center of the channel at each of three transects and anchored in place with reinforcing bars. Th is method may not have accounted for the accrual of fl oating fi lamentous algal mats, but fl oating mats of algae were not observed at the time of placement or retrieval of the tiles at any of the sites. Tiles were placed in July 2005 and retrieved after 5 wk of incubation. Sestonic chl-a and nutrient samples were collected in conjunction with placement and retrieval of the tiles and analyzed as described previously. Benthic chl-a on the tiles was determined by thoroughly scraping a known area and processing the sample as described previously.
Data Analysis
Relationships between chl-a and environmental variables (including nutrients) were examined with Pearson correlation analysis or simple linear regression. Diff erences between the high-Q and low-Q surveys were examined with a two-sample t test if the data were normally distributed or with a nonparametric test if data could not be normalized. Normality of all data sets was examined with the Kolmogorov-Smirnov test (α = 0.05). Water temperature was normally distributed, and the benthic chl-a data were normalized with a log 10 (X + 1) transformation (Zar, 1999) . Sestonic chl-a, nutrient, and turbidity data could not be normalized and therefore were examined with the Kruskal-Wallis nonparametric test. All statistical analyses were conducted with MINITAB release 14.2.
Results
Water Chemistry
Water temperatures were not diff erent between the high-Q and low-Q surveys (p = 0.143) and averaged 21°C during both time periods. Th ere was a large range in specifi c conductivity among the streams, from approximately 100 to >2000 μS cm −1 , but there was little diff erence between the high-Q and low-Q pe-riods (Table 1) . Turbidity declined signifi cantly between the two surveys (p < 0.001) from a median of 36 nephelometric turbidity units during the high-Q period to a median of 18 nephelometric turbidity units during the low-Q period. Th e distribution of nutrient concentrations during the high-Q and low-Q periods is shown in Table 1 . Across the state, the median total P concentration was 0.185 mg L −1 during the high-Q survey and 0.168 mg L −1 during the low-Q survey. Th ere was no statistical diff erence between the two surveys in total P or DRP. Th e maximum DRP and total P values of ≥2 mg L −1 were recorded from streams in which the discharge was dominated by wastewater effl uent.
Total N, nitrate, and ammonium concentrations were significantly lower during the low-Q survey than during the high-Q survey, but even during the low-Q period 75% of the streams had a total N concentration of 1.0 mg L −1 or greater (Table 1) . Th e high nitrate concentrations refl ect the heavily fertilized, agricultural landscape that typifi es much of Illinois. As total N concentrations increased, nitrate comprised a greater fraction of the total N, particularly during the high-Q survey. Ammonium concentrations were generally 1 to 2 orders of magnitude lower than nitrate concentrations, and only 25% of the sites had ammonium N concentrations >0.089 mg L −1 during the high-Q survey or >0.042 mg L −1 during the low-Q survey.
Sestonic chl-a
Th e median sestonic chl-a value was 5 μg L −1 during the high-Q and low-Q surveys, and statistically there was no diff erence in sestonic chl-a concentrations during the two time periods (p = 0.642) (Fig. 2) . Across the state, 90% of the sites had sestonic chl-a values of ≤35 μg L −1 . Th ere was no correlation between benthic chl-a (see below) and sestonic chl-a, suggesting that sloughing of periphyton was not the major source of algal cells to the water column. During all surveys, watershed area was the best predictor of sestonic chl-a (Fig. 3) .
Large streams and rivers are capable of supporting planktonic algal communities and can accumulate sestonic cells from tributary inputs. Th e synoptic surveys on the Embarras and Kaskaskia Rivers suggested that the direct relationship between watershed area and sestonic chl-a was due mainly to in-channel production rather than to tributary inputs. Across the 82-km study reach on the Embarras River, mainstem sestonic chl-a values increased from 52 to 97 μg L −1 . In the Kaskaskia, mainstem sestonic chl-a increased from 30 to 86 μg L −1 along the 36-km study reach. Th e mainstem Embarras had a mean sestonic chl-a concentration of 69 μg L −1 (SD = 19; n = 5), whereas the tributaries had a mean concentration of 11 μg L −1 (SD = 12; n = 5). In the Kaskaskia, the mainstem had a mean of 63 μg L −1 (SD = 28; n = 4), whereas the tributaries had a mean of 8 μg L −1 (SD = 7; n = 9). We were unable to calculate sestonic chl-a loads because discharge data were not available for the tributaries. However, the tributaries were signifi cantly smaller than the mainstem rivers, indicating that tributary loading could not account for the downstream increase in sestonic chl-a observed in both mainstem rivers.
Th ere was no relationship between sestonic chl-a and any nutrient measure or other environmental factor during the high-Q survey. During the low-Q survey, there was no correlation between sestonic chl-a and total P for the data set as a whole. However, for those sites that had both canopy cover ≤25% and total P of ≤0.2 mg L −1 there was a correlation between total P and sestonic chl-a (Pearson correlation = 0.62; p < 0.001) (Fig. 4) . Based on the 38 sites that met these criteria, there appeared to be a threshold value for total P of about 0.07 mg L −1
. Below that threshold, sestonic chl-a was ≤5 μg L −1 , whereas sestonic chl-a ranged from 1 to 55 μg L −1 among sites with ≥0.07 mg L −1 of total P and an open canopy.
Benthic chl-a
Less than 50% of the sites sampled during both the high-Q and low-Q surveys contained gravel or cobble substrate for analysis of benthic chl-a. Among the sites that contained suitable substrate, the median benthic chl-a value was 3 mg m −2 during the high-Q survey (n = 31) and 14 mg m −2 during the low-Q survey (n = 46). Th ere was a signifi cant increase in benthic chl-a between the two time periods (t = 7.04; p < 0.001; df = 74) (Fig.  5) . During the low-Q survey, there was no relationship between benthic chl-a and any nutrient measure among the 46 sites that contained coarse substrate. During the high-Q survey, however, there was a weak correlation between total N and log-transformed benthic chl-a (Pearson correlation = 0.33; p = 0.07).
Of the 26 sites at which tiles were placed, 20 accrued benthic chl-a during the 5-wk incubation. At the other six sites, the tiles were buried by shifting sand and fi ne sediments. No signifi cant fl ooding occurred at the sites during the incubation period (late July to September), and discharge declined in 14 of the 15 sites that were gauged (Table 2) . Among the 20 sites that accrued benthic chl-a, the density of chl-a on the tiles ranged from 3 to 67 mg m . Although the sites spanned a range in N and P concentrations (Table 2) , there was no relationship between chl-a accrual on the tiles and any nutrient measure or other environmental factor.
Discussion
Th e establishment of defensible nutrient standards for streams and rivers requires a strong linkage between attainment of designated uses and the criterion used to measure the eff ect of nutrient enrichment. A successful criterion should allow resource managers to accurately predict attainment status based on the measured value of the criterion (Reckhow et al., 2005) . Additionally, it is desirable from a management standpoint to have a single standard that can be applied to a large geographic region, such as a state or ecoregion, meaning the criterion must be broadly applicable to a potentially large range of stream types. Our goal was to examine patterns and relationships between algal biomass (as chl-a) and nutrient concentrations or other environmental factors and to do so at a state-wide scale. We focused on algal biomass as a potential criterion for nutrient standards because algae often respond directly to nutrient loading and because excess algal biomass can negatively aff ect O 2 concentrations, habitat quality, biotic community structure, and the aesthetic value of streamsall of which can aff ect attainment of designated uses.
Sestonic chl-a can occur in streams as a result of sloughing of periphyton or in-channel production if conditions are favorable (Swanson and Bachmann, 1976; Lohman and Jones, 1999) . Similar to Lohman and Jones (1999) , we found no correlation between benthic chl-a density and sestonic chl-a concentration, suggesting that in-channel production was the main source of sestonic chl-a. Th is conclusion is supported by the synoptic surveys on the Embarras and Kaskaskia Rivers in which we documented downstream increases in mainstem sestonic chl-a that were not attributable to tributary inputs. Across Illinois, sestonic chl-a was directly related to watershed area, and this pattern has been observed in other geographic regions (Van Nieuwenhuyse and Jones, 1996; Lohman and Jones, 1999) . We did not fi nd the expected relationship between watershed area and total P because several relatively small streams (drainage area <800 km 2 ) had total P concentrations >1.0 mg L −1 during low discharge conditions. Point-source discharges can elevate P concentrations in small streams, but the high rate of algal washout may keep sestonic chla concentrations lower than the P concentration would predict. In a study of agricultural streams in central Illinois, sestonic chl-a was correlated with total P only if a site that received wastewater effl uent was excluded from the analysis (Morgan et al., 2006) . In the present study, the positive relationship between sestonic chl-a and watershed area indicated that rivers and large streams supported conditions that favored the development of sestonic algal communities. As channel size increases, rivers tend to be less infl uenced by riparian shading and have lower fl ushing rates than do smaller streams. Van Nieuwenhuyse and Jones (1996) suggested that physical conditions and nutrients co-regulate sestonic chl-a concentrations in rivers, and our results support this notion.
We observed a correlation between total P and sestonic chl-a but only by limiting the analysis to sites with an open canopy and <0.2 mg L −1 total P (Fig. 4) . Th ere seemed to be a threshold value of approximately 0.07 mg L −1 total P that would be protective of excessive water column chl-a, but only eight sites out of 109 had total P concentrations below the apparent threshold, which limits our ability to generalize to the state as a whole. Th is apparent threshold for Illinois agrees closely with the concentration of 0.075 mg L −1 total P suggested by Dodds et al. (1998) as a boundary between mesotrophic and eutrophic conditions in streams of the temperate zone. We suggest that sestonic chl-a is not a useful criterion for streams and small rivers (drainage areas <2000 km 2 ), but it may have some applicability for larger rivers. Among sites with drainage areas >2000 km 2 , there was a trend for increasing sestonic chl-a with increasing total P concentration (both on a log 10 scale), but there was considerable variability, and the relationship was not statistically signifi cant.
Th e relationship between nutrients and the density of benthic chl-a is often confounded by factors such as fl ooding, grazing, and shading, which can make it diffi cult to separate the eff ects of human disturbance from natural variation (Dodds et al., 2002) . After scouring of periphyton during high discharge, algae begin to accrue in relation to factors such as nutrient availability, light, and grazing, which makes the time since last disturbance a critical co-factor in explaining nutrientperiphyton relationships (Biggs, 2000) . Th is presents practicable problems for state-wide monitoring programs, particularly for sites that are not continuously gauged for discharge. It often is fi lamentous macro-algae, rather than epilithic biofi lms, that reach nuisance levels in streams (Welch et al., 1988) . Filamentous mats can have a very patchy distribution within ----m 3 s a stream reach, which makes representative sampling diffi cult. In the current study, we encountered signifi cant mats of fi lamentous algae only during the low-Q survey. Although nutrient loading is necessary for nuisance algal blooms, factors such as scouring, turbidity, and riparian shading can create situations of high nutrient concentrations and low algal biomass, as occurred during the high-Q survey. We could not establish a nutrient-benthic chl-a relationship, even when a common and suitable substrate for algal growth was used, suggesting among-site variation in other (unmeasured) environmental factors infl uenced chl-a accrual more strongly than did nutrient availability. During both the high-Q and low-Q survey, the 25th percentiles for total N and total P were greater than the breakpoints reported by Dodds et al. (2006) for the nutrient-benthic chl-a relationships identifi ed for temperate zone streams. Th is suggests that, for the state as a whole, nutrients occurred in excess of algal demands and that a factor(s) other than nutrients limited algal biomass. Additionally, this implies that for many streams and rivers in Illinois nutrients would have to be lowered below some threshold concentration before a response in algal biomass would occur (Dodds et al., 2002 ).
An ecoregion approach to using benthic chl-a as an indicator of nutrient enrichment has shown promise in streams of the MidAtlantic USA (Pan et al., 1999) and to some extent for streams in North America and New Zealand (Dodds et al., 2002) . Whether an ecoregion approach would improve the nutrient-benthic chl-a relationship in Illinois streams is unknown, and the paucity of sites with measurable benthic chl-a in the current study precludes an ecoregion analysis. However, the Central Corn Belt Plains Ecoregion represents approximately 50% of the state of Illinois (Woods et al., 2006) , and estimates have been made for baseline nutrient concentrations for various corn belt ecoregions. Th e total N and total P concentrations reported here and elsewhere (e.g., Royer et al., 2004; Gentry et al., 2007) for Illinois streams are generally 1 to 2 orders of magnitude greater than the estimated background total N and total P concentrations for corn belt ecoregions (Smith et al., 2003; Dodds and Oakes, 2004) . Although historic data on nutrient concentrations for Illinois streams are sparse, it is clear that present-day nutrient concentrations are likely greatly elevated from background conditions, and this may obscure diff erences between ecoregions in algal-nutrient relationships.
Fewer than 50% of the sites we examined had coarse substrate from which to sample benthic chl-a. Because we did not attempt to sample benthic chl-a from sand and soft sediments, we cannot assess the role of these substrates in supporting benthic chl-a. However, our observations indicate that streams and rivers in Illinois that contain soft sediments are consistently turbid even during periods of low discharge (see Table 1 ) due to the recurring suspension of fi ne sediments. A previous study of 14 agricultural streams in central Illinois found that water column turbidity was a strong predictor of benthic chl-a (Figueroa-Nieves et al., 2006) . Morgan et al. (2006) examined benthic chl-a in two open canopy agricultural streams in Illinois and found a signifi cant inverse relationship between chl-a and water depth, suggesting that water column turbidity was limiting light penetration to the streambed. Based on the accumulated evidence, we suggest that benthic chla in Illinois streams and rivers is strongly infl uenced by substrate conditions and water column turbidity (which are themselves related) and that this may preclude isolating the direct eff ect of nutrients on benthic chl-a at a state-wide scale.
Conclusions
Several challenges exist in the process of developing nutrient standards for streams and rivers. For example, unlike drinking water standards developed via toxicity testing to prevent a physiological outcome in individuals, nutrient standards are designed to prevent an ecological outcome (i.e., biotic impairment) across large geographic regions in the face of multiple stressors that infl uence biotic integrity. Furthermore, the ultimate goal of improving and protecting the biotic integrity of streams may not be accomplished solely with the implementation of nutrient standards. Biotic integrity is an outcome of many interacting factors (Fig. 6) , and it may often be the case that nutrient concentration plays a relatively minor role in causing biological impairment of a particular site. Physical habitat quality played a strong role in controlling stream macroinvertebrate communities across Illinois, and habitat quality and nutrient concentrations were related, confounding eff orts to isolate the infl uence of each (Heatherly et al., 2007) .
Although nutrients are not the sole determinant of stream health, factors such as habitat quality, hydrology, light, temperature, and grazing are less amenable to management practices, leaving nutrients as the focus for attempts to control algal biomass and protect biotic integrity (Dodds and Welch, 2000) . Currently in Illinois, it seems that for many streams and rivers nutrients may not be the limiting factor for algal biomass, due to the generally high nutrient concentrations and the eff ects of other factors, such as substrate conditions and turbidity. Nevertheless, management of nutrient concentrations in Illinois is important because ecological processes other than algal growth, including heterotrophic respiration, are infl uenced by nutrient loading (Dodds, 2006) . Illinois is also a major contributor of N and P to the Mississippi River and Gulf of Mexico (Goolsby et al., 1999; David and Gentry, 2000) , and eff orts within the state to reduce nutrient loading may have far-reaching benefi ts. 
